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24-Hour Rhythm of Aquaporin-3 Function in the
Epidermis Is Regulated by Molecular Clocks
Naoya Matsunaga1,3, Kazufumi Itcho1,3, Kengo Hamamura1,2,3, Eriko Ikeda1, Hisako Ikeyama1,
Yoko Furuichi1, Miyako Watanabe1, Satoru Koyanagi1 and Shigehiro Ohdo1
Aquaporin 3 (AQP3) is located in the basal layer of the epidermis and regulates biological functions of skin such
as water content and trans-epidermal water loss. A recent study showed that the biological function of skin
exhibits a 24-hour rhythm, but the molecular mechanism of the variation remains poorly understood. Here we
show that mice mutated in the core clock component CLOCK (Clk/Clk) show decreased stratum corneum
hydration. An extensive search for the underlying cause led us to identify AQP3 as a new regulator to control the
24-hour variation in biological functions of skin. In mouse epidermis of wild-type mice, mAqp3 exhibits circadian
rhythms; however, these are significantly decreased in Clk/Clk. Luciferase reporter gene analysis revealed that
transcription of mAqp3 is activated by D-site-binding protein, a clock gene. A human homolog, hAQP3, also
exhibited significant oscillation in human keratinocyte (HaCaT) cells synchronized with medium containing 50%
serum, and this rhythm was regulated by the endogenous CLOCK/BMAL1 heterodimer. These data indicate that
although the molecular mechanisms underlying the rhythmic expression of mAqp3 and hAQP3 are different,
clock genes are involved in time-dependent skin hydration. Our current findings provide a molecular link
between the circadian clock and AQP3 function in mouse dorsal skin and HaCaT cells.
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INTRODUCTION
Most living organisms from bacteria to humans have a
biological clock and exhibit a circadian rhythm in behavioral
and physiological functions, such as body temperature, blood
pressure, and the sleep–wake cycle (Tei et al., 1997; Gekakis
et al., 1998; Jin et al., 1999). Some of these rhythms are
controlled by a self-sustaining oscillating mechanism called
the circadian clock (Ripperger et al., 2000; Yamaguchi et al.,
2000). In mammals, the master clock controlling circadian
rhythms is located in the suprachiasmatic nuclei of the
hypothalamus. Furthermore, biological clocks also exist in
peripheral tissues and function as local clocks that are
synchronized with the master clock via hormonal and/or
neuronal signals (Kalsbeek et al., 1996; Ohdo et al., 2011;
Pevet and Challet, 2011). Recent molecular studies of the
circadian clock system have revealed that a basic mechanism
of the biological clock consists of interlocked transcription–
translation feedback loops. These feedback loops are com-
posed of the basic helix–loop–helix transcription factors
CLOCK and BMAL1 (Lopez-Molina et al., 1997; Kume et al.,
1999; Isojima et al., 2003). These factors form heterodimers and
drive the transcription of the Period (Per1, Per2) and
Cryptochrome (Cry1, Cry2) genes via a response element
called the E-box (CACGTG). When the PER and CRY proteins
reach critical concentrations, they attenuate CLOCK/BMAL1
transactivation, thereby generating 24-hour rhythms in their own
transcription. Similar to Per and Cry, E-boxes located in the
promoter regions of other genes are also recognized by CLOCK/
BMAL1 heterodimers (Preitner et al., 2002). Therefore, the mole-
cular clock regulates 24-hour rhythms in output physiology
through the periodic expression of clock-controlled genes.
On the other hand, skin is the largest organ and contributes
to the maintenance of homeostasis by performing its barrier
function, thereby regulating the loss of water from the skin.
Recent studies show the presence of peripheral circadian
clocks in the epidermis (Bjarnason et al., 2001; Akashi et al.,
2010; Sandu et al., 2012), as well as circadian rhythms in
biophysical epidermal parameters, such as stratum corneum
(SC) capacitance, pH of the skin surface, temperature, and
trans-epidermal water loss (TEWL; Reinberg et al., 1996;
Yosipovitch et al., 1998; Le Fur et al., 2001). Above all,
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water content is essential for the normal functioning of
skin, determining skin appearance, metabolism, mechanical
properties, and barrier function (Blank, 1965; Scheuplein and
Blank, 1971; Tagami et al., 2001). By contrast, shift workers
tend to suffer from skin trouble and have disorders in skin
hydration (Yuan et al., 2011). These points imply that there are
relationships between epidermal physiological function and
the circadian clock system. However, the molecular
mechanisms and factors that regulate skin hydration rhythm
remain to be elucidated.
Aquaporin 3 (AQP3), a member of the aquaglyceroporin
subfamily, is expressed in the epidermis and suprabasal layers.
AQP3 functions in the transportation of water and glycerol
between and into cells (Matsuzaki et al., 1999; Zeuthen and
Klaerke, 1999; Sougrat et al., 2002; Verdier-Se´vrain and
Bonte´, 2007; Voss et al., 2011). Moreover, Aqp3-deficient
mice exhibited reduced SC hydration, altered skin elasticity,
and impaired barrier recovery (Hara et al., 2002; Ma et al.,
2002; Hara and Verkman, 2003). Therefore, AQP3 may have
a critical role in skin hydration.
The objective of this study was to identify the mechanism of
the creation of circadian rhythms in skin hydration. Here we
show that mice mutated in the core clock component CLOCK
(Clk/Clk) show decreased SC hydration. An extensive search
for the underlying cause led us to identify mouse AQP3
(mAQP3) as a new regulator controlling 24-hour variations in
the biological functions of skin. In mouse epidermis of wild-
type mice, mAqp3 exhibits circadian rhythms; however, these
rhythms are significantly decreased in Clk/Clk. Luciferase
reporter gene analysis revealed that transcription of mAqp3
is activated by D-site-binding protein (DBP), a clock gene.
We also found that HaCaT cells (human keratinocytes), after
treatment with 50% serum to synchronize the cells, induced a
significant 24-hour oscillation in the expression of hAQP3, the
human homolog, which was regulated by the endogenous
CLOCK/BMAL1 heterodimer.
RESULTS
We first quantified the temporal expression profiles of mAqp3
in mouse epidermis. In wild-type mice, mAqp3 mRNA
exhibited a significant 24-hour rhythm peaking at 2100 hours
(Figure 1a). However, in Clk/Clk mice, the 24-hour rhythm of
mAqp3 mRNA disappeared. Moreover, with respect to mAQP3
protein levels, wild-type mice showed a significant 24-hour
rhythm compared with that seen in Clk/Clk (Figure 1b).
Immunohistochemistry in collected mouse epidermis showed
the expression of mAQP3 protein in suprabasal layers. In
addition, these expressions revealed the time-dependent
difference at 0900 and 2100 hours (Supplementary Figure S1
online). The temporal pattern of SC hydration in wild-type
mice was compared with that of Clk/Clk mice when both were
kept in a light-controlled room (lights on from 0700 to 1900
hours) at 24±1 1C and 60±10% humidity with food and
water available ad libitum. SC hydration in wild-type mice
showed a significant 24-hour rhythm compared with that seen
in Clk/Clk (Figure 1c). The 24-hour rhythm of SC hydration
resembled the pattern of mAQP3 protein expression levels.
These results suggest that AQP3, an aquaglyceroporin channel,
contributes to the circadian rhythm in physiological skin
function, and that mAqp3 is controlled by a clock gene.
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Figure 1. Time-dependent skin physiological functions in mice are regulated by the mAqp3 gene. (a) Temporal expression profile of mAqp3 mRNA in
mouse epidermis of wild-type and Clk/Clk mice. Levels of mAqp3 mRNA significantly varied over 24 hours in wild-type (Po0.05; analysis of variance (ANOVA))
but not in Clk/Clk mice. (b) Temporal expression profile of mAQP3 protein in mouse epidermis of wild-type and Clk/Clk mice. Levels of mAqp3 protein
significantly varied over 24 hours in wild-type (Po0.05; ANOVA) but not in Clk/Clk mice. (c) Temporal stratum corneum hydration profiles of wild-type and
Clk/Clk mice using a Corneometer (CM). Stratum corneum hydration is indicated by CM units. Levels of stratum corneum hydration significantly varied over
24 hours in wild-type (Po0.05; ANOVA) but not in Clk/Clk mice. Values are the means±SEM (n¼3–8). *Po0.05; **Po0.01. (b) *Po0.05; **Po0.01 compared
with wild-type mice.
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We then determined whether the products of clock genes or
clock-controlled output genes affect the expression of mAqp3.
We searched for a consensus sequence within the promoter
region of the mAqp3 gene. Several putative binding motifs
were found within 1,532 bp of the mAqp3 gene 50-flanking
region (Figure 2a): these include CLOCK and BMAL1 response
E-box elements, the retinoic orphan receptor response ele-
ment, the DBP PAR bZIP protein response element (D-site),
and cAMP response elements. Recently, ATF4 has been
identified as a new clock gene (Koyanagi et al., 2011). ATF4
regulates the expression patterns of many genes encoding
transporters in peripheral organs (Hamdan et al., 2012). We
then performed transcription reporter assays. Co-transfection
of the mAqp3 luciferase reporter with DBP significantly
increased transcriptional activity; however, transfection with
CLOCK/BMAL1, ROR, or ATF4 had no effect on luciferase
activity (Figure 2b). We recently confirmed that DBP and E4
promoter-binding protein 4 (E4BP4) are involved in a recipro-
cal mechanism in which DBP activates the transcription of
the gene during the time of the day when DBP is abundant,
and E4BP4 suppresses its transcription at other times of day
(Takiguchi et al., 2007). Therefore, we next examined the
influence of DBP and E4BP4 on the rhythmic expression of
mAqp3 in DBP and E4BP4 double-knockdown cells. In
normal cultured cells, each cell oscillates independently.
Therefore, rhythmic expression cannot be observed
(Balsalobre et al., 1998, 2000). However, rhythmic gene
expression can be observed when cells are synchronized by
serum shock. In cultured cells in which oscillation in the
expression of mAqp3 was triggered by serum shock, treatment
with DBP small interfering RNA (siRNA) and E4BP4 siRNA
(DBP siRNA/E4BP4 siRNA) significantly reduced mAqp3
mRNA levels (Figure 2c). Thus, DBP and E4BP4 regulate the
circadian rhythms of mAqp3. We then measured the temporal
expression profiles of mDbp. In wild-type mice, the mDbp
gene exhibited a circadian rhythm peaking at 1700 hours
(Figure 2d). However, in Clk/Clk mice, mDbp levels at 1700
and 2100 hours were lower than those in wild-type mice.
These results suggest that the expression of mAqp3 is regulated
by DBP, and the decreased expression of mAQP3 in Clk/Clk is
mediated by the downregulation of this pattern (Figure 3a).
We next explored temporal expression profiles of human
AQP3 (hAQP3) in normal keratinocyte cells in order to
determine the species specificity. HaCaT cells treated with
50% fetal bovine serum (FBS) for 2 hours to synchronize cells
exhibited significant rhythmic expression of hPER1 and
hBMAL1 (Supplementary Figure S2a online). The mRNA and
protein expression of the hAQP3 gene also demonstrated
rhythmic oscillations (Figure 4a and b). Above all, the phase of
hAQP3 was nearly the same as that of hPer1. We then
investigated time-dependent transport activity. AQP3 trans-
ports water, urea, glycerol, and small neutral solutes (Gomes
et al., 2009). Among them, AQP3 contributes greatly to the
uptake of glycerol. Therefore, we used radioactively labeled
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Figure 2. Transcriptional control of mAqp3 by the circadian regulators D-site-binding protein (DBP) and E4 promoter-binding protein 4 (E4BP4). (a) Computer-
aided analysis identified clock gene response elements (E-box, D-site, retinoic orphan receptor response element (RORE), and cAMP response element (CRE)) in
the promoter region of the mAqp3 gene. (b) mAqp3 ( 1,532 bp) luciferase reporter activity induced by DBP. (c) Temporal expression profiles of mAqp3 in
NIH3T3 cells after serum shock. DBP siRNA and E4BP4 siRNA (DBP siRNA/E4BP4 siRNA) were transfected at the time of plating. There was a significant time-
dependent variation in cells transfected with control siRNA (Po0.05, analysis of variance (ANOVA)). (d) Temporal expression profile of mDbp mRNA in mouse
epidermis of wild-type and Clk/Clk mice. Levels of mDbp mRNA significantly varied over 24 hours in wild-type mice (Po0.05; ANOVA). Values are the
means±SEM (n¼ 3–6). *Po0.05; **Po0.01. (c, d) *Po0.05 compared with the indicated time points.
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glycerol for the assessment of uptake, and induced rhythmic
oscillations (Figure 4c). The results were similar to the phases
in hAQP3 mRNA levels. These results suggested that the
hAQP3 gene also contributes to form the circadian rhythm in
physiological skin function as in the case of mAqp3, and that
hAqp3 is controlled by a clock gene.
We next determined whether the products of clock genes or
clock-controlled output genes affect the expression of hAQP3.
We first searched for consensus sequences within the promo-
ter region of the hAQP3 gene. Several putative binding motifs
were found within 1,580 bp of the hAQP3 gene 50-flanking
region (Figure 5a). We then performed transcription reporter
assays. Co-transfection of the hAQP3 luciferase reporter with
CLOCK/BMAL1 significantly increased transcriptional activity;
however, transfection with DBP, ROR, or ATF4 had no effect
on the activity (Figure 5b). In addition, we tested whether the
luciferase activity induced by CLOCK/BMAL1 was inhibited
by transfection with PER2 or CRY1, the main factors in a
negative feedback loop. Co-transfection of hAQP3 luciferase
reporters with CLOCK/BMAL1 significantly increased tran-
scriptional activity, and this hAQP3 transcriptional activation
by CLOCK/BMAL1 was inhibited by co-transfection of PER2 or
CRY1 (Figure 5c).
In the hAQP3 reporter vector, there are two CLOCK/BMAL1
response sites (E-boxes). We next determined which of these
E-boxes was predominantly functional, using a deletion assay.
Three hAQP3 luciferase reporter vectors were prepared,
driven by the 1,580-, 635- (deletion 1), and 444- (deletion 2)
bp promoter sequences, respectively. Luciferase activity was
not increased upon CLOCK/BMAL1 co-transfection with the
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hAQP3 luciferase reporters containing either deletion 1 or
deletion 2 (Figure 6a). In other words, the trans-activation
effect of CLOCK/BMAL1 on hAQP3 reporters was markedly
attenuated by the elimination of the sequence up to  635 bp
(hAQP3 (-635)-Luc; deletion 1). These results suggest that the
CLOCK/BMAL1 response region located at 785 bp is criti-
cally important. We next investigated the critical regions
responsible for CLOCK/BMAL1-mediated time-dependent
trans-activation of hAQP3 and explored the temporal binding
of endogenous CLOCK/BMAL1 on the hAQP3 promoter
by chromatin immunoprecipitation analysis. In HaCaT cells
synchronized with medium containing 50% serum, the
binding of endogenous CLOCK/BMAL1 to the hAQP3 pro-
moter increased at 44 hours (Figure 6b). These results suggest
that a CLOCK/BMAL1 heterodimer regulates the transcription
of the hAQP3 gene in the autonomous cellular clock. Thus,
hAQP3 is regulated by CLOCK/BMAL1, and the hAQP3 gene
may also contribute to the establishment of a circadian rhythm
in physiological skin function. Finally, we examined the
influence of CLOCK on the rhythmic expression of hAQP3
and glycerol uptake activity in cultured CLOCK-knockdown
HaCaT cells.
There was significant time-dependent variation in hAQP3
mRNA levels in cells treated with control siRNA. However,
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Figure 6. The CLOCK/BMAL1 response region located at  785bp is critical for the transcriptional control of hAQP3. (a) Deletion analysis of the hAQP3
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transfected with control siRNA (Po0.05, ANOVA). (d) Radiolabeled-glycerol uptake in cells treated with CLOCK siRNA in HaCaT cells after serum shock. There
was a significant time-dependent variation of hAQP3 expression levels in cells transfected with control siRNA (Po0.05, ANOVA). Values are the means±SEM
(n¼ 3–6). *Po0.05; **Po0.01. (c, d) *Po0.05; **Po0.01 compared with the indicated time points.
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treatment with CLOCK siRNA significantly reduced mAqp3
mRNA levels and glycerol uptake activity (Figure 6c and d).
These results matched the time-dependent difference in
reduced CLOCK protein levels in cells transfected with control
siRNA or CLOCK siRNA (Supplementary Figure S3 online).
DISCUSSION
This study unveils a molecular mechanism of time-dependent
skin hydration by AQP3. AQP3 is expressed in the epidermis
and suprabasal layers. AQP3 functions in the transportation of
water and solutes such as glycerol or urea (Matsuzaki et al.,
1999; Zeuthen and Klaerke, 1999; Sougrat et al., 2002;
Verdier-Se´vrain and Bonte´, 2007; Voss et al., 2011). Above
all, glycerol is an important factor in skin hydration because
glycerol is a natural moisturizing factor and a well-known
cosmetic ingredient (Choi et al., 2005; Fluhr et al., 2008; Voss
et al., 2011). Natural moisturizing factors bind and hold water
within the SC, thereby preventing TEWL and enhancing
barrier function.
Previous studies have demonstrated that several compounds
and high concentrations of serum are able to induce and/or
synchronize circadian gene expression (Balsalobre et al.,
1998, 2000). Individual cells exhibit circadian patterns
of gene expression. High serum concentrations can synchro-
nize preexisting circadian cycles in desynchronized cells
(Balsalobre et al., 2000) and induce the temporal mRNA
accumulation of genes regulated by circadian clock genes. A
short exposure of HaCaT cells to 50% FBS also induced the
rhythmic expression of clock genes. Serum-shocked HaCaT
cells were used as an in vitro model to study the molecular
mechanism underlying the circadian clock in human
keratinocytes. In this study, we found that mRNA and pro-
tein levels, as well as the glycerol uptake activity, of hAQP3 in
serum-shocked HaCaT cells fluctuated rhythmically with a
period length of about 24 hours. Rhythmic expression of hPer1
and hBMAL1 was also observed in serum-shocked HaCaT
cells (Supplementary Figure S2a online). In addition, because
HaCaT is a human keratinocyte cell line, a 24-hour rhythm in
hAQP3 mRNA expression was observed in normal human
epidermal keratinocytes (NHEKs; Supplementary Figure S2b
online). These results revealed similar rhythmic gene expres-
sion patterns in HaCaT cells.
Furthermore, the results of luciferase reporter gene assays
revealed that the CLOCK/BMAL1 heterodimer regulates the
transcription of the hAQP3 gene. In addition, it has been
suggested that CLOCK/BMAL1 has the ability to activate the
expression of the hAQP3 gene in a time-dependent manner
through the 785 bp upstream sequence from the transcrip-
tional start site. Because of positive and negative transcription/
translation feedback loops, CLOCK/BMAL1 continues to
oscillate with a 24-hour rhythm. Similarly, the hAQP3 gene
showed a significant 24-hour variation.
The transcriptional factors regulating AQP3 gene expression
were different between human (regulated by CLOCK/BMAL1)
and mouse (regulated by DBP) skin. This difference has not
been previously reported and may occur because of the
species and the fact that mice are nocturnal animals and
humans are diurnal. For example, in rat, another rodent,
the rat Aqp3 gene has the same D-site as in mAqp3. However,
the response element of hAQP3 is 785 bp upstream of the
transcription start site; the E-box is not retained in rat Aqp3
(data not shown). On the other hand, in the rhesus Aqp3 gene,
the E-box response element of hAQP3 is retained (data not
shown). Another reason for the disparity may be related to
structural differences between mouse and human skin. The
thin epidermis of mature rodents is clearly different from that
of human skin. In either case, clock genes are functionally
important for the rhythmic expression of AQP3 mRNA levels
in both humans and mice, and the in vivo results in mice
suggest that humans may exhibit time-dependent skin bio-
logical functions.
How do our findings apply to humans? Recent studies have
reported the temporal expression of the hPER1 gene that
peaked at around 1000 hours in human hip skin. The peak
time of hBMAL1 gene is at about 2200 hours, 12 h after the
peak time of hPER1 (Bjarnason et al., 2001). In addition, we
discovered that the hAQP3 gene showed a significant 24-hour
variation in serum-shocked HaCaT cells and that the hAQP3
gene is regulated by CLOCK/BMAL1. Previous studies showed
that TEWL and skin capacitance have a 24-hour variation
(Yosipovitch et al., 1998; Le Fur et al., 2001). These results
may be in agreement with the 24-hour variation of hAQP3.
Although skin parameters vary in different body parts (Firooz
et al., 2012), hAQP3 establishes circadian rhythms in skin
biological functions. With respect to another aspect of
application in humans, in aesthetics, the solvent used in
cosmetics and other skin products is water. Skin water
content or TEWL may be involved in the transdermal penetra-
tion of certain substrates. Until now, it has been reported that
the application of facial cosmetics appears more effective
when they are applied in the evening than when they are
applied in the morning (Reinberg et al., 1990). Similarly, the
application of betamethasone dipropionate, a glucocorticoid
steroid used to treat itching and other minor skin conditions
such as eczema, in the evening or early in the night produced
more extensive and prolonged effects over the course of the
day than did the application of the drug in the morning
(Pershing et al., 1994). These results suggest that understand-
ing the circadian rhythm of hAQP3 may lead to predicting
more effective timing for the application of drugs and cosmetic
products. Moreover, it has been reported that AQP3 expres-
sion is upregulated by retinoic acid or glyceryl glucoside, etc.
(Cao et al., 2007; Schrader et al., 2012). To improve the
absorption of drugs, formulations may contain substances that
upregulate AQP3.
In conclusion, we have found that the circadian expression
of AQP3 was regulated by an endogenous clock system.
Recently, it has been reported that the period length of
circadian rhythms in primary skin fibroblasts is significantly
shorter at pH 6.7 (low pH) than it is at pH 7.2, and the
amplitude is increased to a greater extent at pH 6.7 (Lee et al.,
2011). In addition, other research has shown that AQP3
transport activity is decreased at low pH (Zeuthen and
Klaerke, 1999; Sougrat et al., 2002). Values of pH depend
on the volume of water; therefore, these findings may
imply that AQP3 regulates clock genes in the epidermis by
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controlling the volume of water and pH values. In future
studies, the influence of AQP3 on the function of the
molecular clock should be investigated. Our results suggest
a mechanism underlying the time-dependent differences in
skin hydration and provide a molecular link between the
circadian clock and skin functions.
MATERIALS AND METHODS
Mouse experiments
Male ICR mice or Clock mutants were housed in a light-controlled
room (lights on from 0700 to 1900 hours) at 24±1 1C and 60±10%
humidity with food and water available ad libitum. Male ICR mice
(4 weeks old) were purchased from Charles River Japan (Kanagawa,
Japan). Clk/Clk (C57BL/6J-ClockmlJt/J) mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). We placed these mice in the
ICR genetic background to enhance the robustness of breeding and
care of the young (Miller et al., 2004). These mice were backcrossed
using a Jcl:ICR background for more than eight generations. This
study was performed using wild-type ICR mice or homogeneous
Clock mutation mice. Animals were treated in accordance with the
guidelines stipulated by the Animal Care and Use Committee of
Kyushu University.
Collection of mouse epidermis
Mouse skin was treated by diethylpyrocarbonate-treated water for
30 s at 55 1C and ice-cold water for 30 s (Murray et al., 1980). Mouse
skin epidermis was separated from the dermal layers. Immunohisto-
chemistry in these skin samples revealed that AQP3 protein was
present in suprabasal layers of mouse epidermis (Supplementary
Figure S1 online).
Cell culture
The human keratinocyte cell line HaCaT (Cell Lines Service,
Heidelberg, Germany) was used. Cells were plated in Minimum
Essential Medium Alpha Modification (Life Technologies Japan,
Tokyo, Japan) containing 10% FBS (SAFC Bioscience, Kansas, MO).
NIH3T3 cells (supplied by the Cell Resource Center for Biochemical
Research, Tohoku University) were plated in DMEM (Sigma-Aldrich,
St Louis, MO) containing 10% FBS. The cells were incubated
at 37 1C in a 100% humidified environment (5% CO2, 95% air).
NHEKs were purchased from Lonza (Clonetics Lonza, Walkersville,
MD). NHEKs were maintained in Keratinocyte Basal Medium (Lonza
Walkersville).
Quantitative reverse transcription PCR analysis
Complementary DNA was synthesized by reverse transcription using
the ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan). Diluted
complementary DNA samples were analyzed by real-time PCR using
the THUNDERBIRD SYBR qPCR Mix (Toyobo) and the 7500 Real-
time PCR system (Applied Biosystems, Foster, CA). Sequences for PCR
primers are described in Supplementary Table S1 online. The level of
each target gene mRNA was expressed as the ratio of target gene
mRNA level to that of the housekeeping protein, b-actin.
Western blotting
Proteins prepared from HaCaT cells or mouse epidermis were separated
on SDS-polyacrylamide gels and transferred to polyvinylidene difluor-
ide membranes. The membranes were reacted with antibodies against
AQP3 (Santa Cruz Biotechnology, Santa Cruz, CA) or b-actin (Santa
Cruz Biotechnology). The immunocomplexes were reacted with anti-
rabbit IgG secondary antibodies and Chemi-Lumi One (Nacalai
Tesque, Kyoto, Japan). The AQP3 protein level was expressed as
the ratio of the sum of the band of approximately 28 kDa, representing
the unglycosylated protein, and the diffuse band of about 37–42 kDa,
representing the glycosylated form, to that of the housekeeping
protein b-actin. The membranes were photographed and the density
of each band was analyzed by using ImageQuant LAS 4000 mini
(Fujifilm, Tokyo, Japan).
Luciferase reporter assay
The regions surrounding the CLOCK/BMAL1-binding element (E-box)
in the human AQP3 promoter and the regions surrounding the DBP-
binding element (D-site) in the mouse AQP3 promoter were amplified
using DNA extracted from genomic DNA of HaCaT cells or ICR mice.
The PCR products were ligated into a pGL4 Basic vector (human
AQP3 ( 1,580 bp)–Luc or mouse AQP3 ( 1,531 bp)–Luc). Expres-
sion vectors for CLOCK, BMAL1, DBP, ATF4, ROR, PER2, and CRY1
were constructed as described previously (Takiguchi et al., 2007).
NIH3T3 was transfected with 200 ng reporter vector per well and
1,000 ng expression vector per well using the Lipofectamine LTX
reagent (Life Technologies Japan). In addition, 0.5 ng of phRL-TK
vector per well (Promega, Tokyo, Japan) was co-transfected as an
internal control reporter. At 24 h after transfection, cell extracts were
prepared with passive lysis buffer (Promega), and the extracts were
used for assays of firefly luciferase and Renilla luciferase activity by
luminometry. The ratio of firefly luciferase activity (expressed from
reporter plasmids) to Renilla luciferase activity (expressed from phRL-
TK) in each sample served as a measure of normalized luciferase
activity.
Construction of CLOCK knockdown cells and serum shock
procedures
To induce oscillation in the expression of the hAQP3 gene in cultured
HaCaT cells or NHEKs, serum shock was performed as follows:
HaCaT cells or NHEKs were grown to semiconfluence in minimum
essential medium-a supplemented with 10% FBS or Keratinocyte
Basal Medium. On the day of serum shock, 50% FBS was added for
2 hours and then cells were transferred back to starvation medium
(Takiguchi et al., 2007). Cells were collected for RNA every 4 hours
from 24 to 48 hours after serum treatment.
Stealth RNA of CLOCK, DBP, E4BP4, and the control were
designed by Life Technologies Japan. CLOCK siRNA or control siRNA
(100 pmol) was transfected into the cells using Super Electroporater
NEPA21 Type II (NEPA GENE, Chiba, Japan). The siRNA was
transfected into HaCaT cells during plating.
Determination of glycerol uptake
HaCaT cells were grown in six-well plates. On the day of serum
shock, 50% FBS was added for 2 hours and then the cells were trans-
ferred back to starvation medium. After serum treatment, the culture
medium was aspirated and cells were rinsed in cold phosphate-
buffered saline. Cells were incubated in plain minimum essential
medium-a containing 0.1 M HEPES and 1mCi ml 1 [1,2,3-3H]-gly-
cerol at room temperature for 5 minutes. Cells were then rinsed three
times in cold phosphate-buffered saline and lysed in 0.3 M NaOH.
The radioactivity of the cell lysate was counted by a b-counter and
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the total protein concentration determined using a BCA Protein Assay
Kit (Thermo Fisher Scientific Pierce Biotechnology, Rockford, IL).
Chromatin immunoprecipitation assays
HaCaT cells were treated with DMP reagent (Thermo Fisher Scientific
Pierce Biotechnology) and 8% paraformaldehyde at room tempera-
ture to cross-link the chromatin, and the reaction was stopped by
adding glycine at a final concentration of 125 mM. Each cross-linked
sample was sonicated on ice and then incubated with antibodies
against CLOCK and BMAL1 (Santa Cruz Biotechnology). Chromatin/
antibody complexes were extracted using a protein G agarose kit
(Roche Applied Science, Penzberg, Germany). DNA was isolated
using the Wizard SV Genomic DNA Purification System (Promega)
and subjected to PCR using hAQP3 chromatin immunoprecipitation
primers for amplifying the region surrounding the E-box of the AQP3
promoter. PCR products were separated on agarose (2%) gels
containing 0.2 g ml 1 ethidium bromide.
Measurement of SC hydration
The mice were shaved before measurement of SC hydration. Skin
hydration was measured using a Multi Display Device MDD 4
(CourageþKhazaka Electronic, Bru¨ggen, Germany) and corneometer
CM825 in accordance with the manufacturer’s procedures (O’goshi
and Serup, 2005). Probes of corneometer were applied to the skin
surface of mice. All measurements were performed under
standardized conditions at a room temperature of 24±1 1C and
60±10% humidity.
Statistical analysis
All data are the means±SE of at least three individual experiments. For
all experiments in which three or more test groups were compared, we
used one-way analysis of variance with Tukey’s post hoc tests and
evaluated the differences derived from the genotypes and circadian
time points tested. A 5% probability was considered significant.
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